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INTRODUCTION 
In a previous paper  I the accumulation  of potassium by Nitella 
flexilis Ag. was considered briefly.  In the present paper the results are 
presented in detail. 
Technique 
The cells immediately after collection were washed free of mud and pond water 
in tap water and were transferred to Solution A s in the cold room for a day or so, 
after which they were separated into strings of from 3 to 10 cells, from which the 
leaflets and nodes were removed.  The strings were then left in Solution A in the 
cold for a few days to 2 weeks, the dead cells being removed at intervals in order to 
reduce contamination. 
In most experiments the cells were transferred to distilled water 1 week to 24 
hours before the start of the experiment.  They were then placed in the experi- 
mental solutions after a rapid rinse in distilled water.  In most cases the solutions 
were contained in  10 gallon, oval-shaped white enamelled baths,  3 which, except 
in the cases where the cells were to be kept in the dark, were arranged symmetric- 
ally under a  bank of six 150  watt lights.  By means of a  "Weston photronic" 
light meter the lamps and pans were arranged so that all solutions were illuminated 
equally at equal depths.  4  Although it was subsequently found that the illumina- 
tion was not critical, we continued the above arrangement since it served to keep 
the temperature of the solutions rather uniformly at about 20°C., a  few degrees 
above the temperature of the cold room in which the experiments were carried out. 
1 Jacques, A. G., and Osterhout, W. J. V., Proc. Soc. Exp. Biol. and Med., 1934, 
81~ 1121. 
2 For composition of Solution A cf. Osterhout, W. J. V., and Hill, S. E., J. Gen. 
Physiol.,  1933-34, 17~ 87. 
3 In early experiments a larger number of shallow enamelled pans were used. 
4 At the level of the middle of the pans the illumination was about  165  foot 
candles. 
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To  cut down evaporation the pans were covered with glass sheets.  About 
2000 cells of a total volume of 25 cc. were placed in each pan in 16 liters of solu- 
tion.  s  At intervals groups of cells were removed and the sap was extracted and 
analyzed for potassium, and in a few cases the pH was determined. 
In her studies of the penetration of dyes into Nitella Irwin successfully used the 
method of extracting the sap from individual cells by hand.  But owing to the 
comparatively large amount of sap required, the method was inapplicable here. 6 
Hoagland and his coworkers ~ also used the method of individual extraction in 
some of  their experiments on the  penetration of bromide into Nitella  clavata. 
These cells, however, are brittle, and as the authors describe it break on bend- 
ing and expel a drop of sap.  In the case of Nitella flexilis, it is necessary to cut 
each individual cell and if the full amount of sap is to be obtained to squeeze. 
Conducting this operation in an atmosphere saturated with water vapor, to avoid 
evaporation, is tedious, uncomfortable, and costly in time, and it was therefore 
considered impractical.  Instead the sap was obtained in the following way.  The 
strings of cells were removed singly from the experimental solution to distilled 
water, the dead ones being discarded in the process.  Mter a  second rinsing in 
more distilled water, 20 to 30 strings were quickly laid out on a dry piece of gauze, 
and were blotted with a second piece of gauze. 8  The strings were then gathered 
up quickly, roiled into a loose coil and inserted in a dry, 15 ml. centrifuge tube by 
the aid of a glass rod.  This was repeated until a sufficient number of cells to yield 
about 2 ml. of sap had been collected. 
In the early stages of the work, the ceils were killed by adding a drop or two of 
ether and the sap was then expressed by centrifugalizing  for a long time at high 
speed.  In this way a sample comparatively free of organic matter was obtained. 
5 Assuming that the sap is 0.1 ~  with respect to potassium, it follows that if 
every cell should die and its contents pass into the external solution, the maximum 
effect would be to increase its concentration by 0.0001 ~.  But the mortality did 
not exceed 10 per cent so that the contamination  must have been correspondingly 
less; i.e., about 2 per cent at the most where the outside concentration  was 0.001 M. 
Actually in one experiment, where the external solutions were analyzed at the end 
of the experiment, it was found that the concentration, nominally  0.00100 ~ at the 
start, had risen to 0.00103 M. 
6 In the course of the measurements of volume several hundred individual cells 
were measured.  It was found that the average diameter of the cells used by us was 
0.05 cm. and the average length 6 cm.  Considering them as cylinders, this means 
that the average volume was 0.012 cc. so that if this were all sap and it could be 
extracted quantitatively by hand, it would still require about 200 cells  to yield 
2 cc. of sap.  Actually it was found necessary to use about twice this number of 
ceils for each sample, in our method, which did not utilize all the sap in each ceil. 
Hoagland, D. R., Hibbard, P. L., and Davis, A. R., J. Gen. Physiol., 1926-27, 
I0, 121. 
s Both gauzes had, of course, previously been rinsed in distilled water until 
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But the yield was rather poor, and later it was found that time and cells could 
be saved by cutting the cells by means of a  sharp edged glass rod, and pressing 
them down in the centrifuge tube.  The sap which at this point has a great deal 
of organic matter including chloroplasts, and a gummy substance in suspension, 
can then be centrifuged reasonably free of organic matter in a short time. 
This method of procedure is obviously subject to errors due,  (a)  to the con- 
tamination of the sap by the liquid in the cellulose wall, but not actually in the 
vacuole, or in the protoplasm, and by liquid adhering to the cells;  (b) errors due 
to the evaporation from the vacuole.  Since the cell wall is thin and extensive, 
these errors might become serious unless they were guarded against. 
In order to deal with (a) the cells were rinsed in distilled water twice as described 
above so as to ensure that the contamination  should be dilution only, and in order 
to reduce this the cells were blotted. 
TABLE  I 
Lot  K concentration  A from average 
0.04550 
0.04534 
0.04656 
0.04496 
0.04491 
0.04900 
Av. 0.04605 
--0.00055 
--0.00071 
+0.00051 
--0.00109 
-0.00114 
+0.00295 
Av. 0.00116 
In order to guard against (b) the cells were handled as quickly as possible, only 
a  small number being handled at one time, and the  centrifuge tube was kept 
tightly capped except when it was necessary to insert cells or to break up and press 
down those already inserted. 
In spite of these precautions, undoubtedly the sap analyzed had not exactly 
the composition of the cell sap.  However, by proceeding as far as possible always 
in the same way it was hoped that the deviation of the extracted sap from the true 
cell sap would be sufficiently constant to allow definite conclusions. 
In order to assure ourselves of the validity of the method, 6 lots of cells from the 
same collection were extracted as  described above, and the  samples were then 
analyzed for potassium.  The results are given in Table I. 
The probable error of the mean is ±0.00044 or ±0.95 per cent of the mean. 
These results indicate that the method of handling  the ceils is capable of yielding 
results sufficiently  accurate for biological experiments.  9 
An estimate of the relationship of the observed concentration (which is admit- 
tedly low due to dilution) to the true concentration has been made in a  separate 
9 If the last observation in this series is rejected, the agreement is much better, 
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experiment in  which the cells were divided into two groups.  From one group the sap 
was extracted by crushing as explained above, while in the other it was extracted 
by cutting and squeezing the sap out of each individual cell.  This was done in a 
water-vapor saturated atmosphere maintained in a  glass-covered box, of about 
3 cubic feet capacity.  The atmosphere was kept saturated by passing in steam 
at atmospheric pressure, and was checked by means of a hair hygrometer.  Rubber 
sleeves were permanently attached  to  the  box  through which  the  hands were 
thrust into the interior of the box. 
The following results were obtained.  Concentration of sap extracted by crush- 
ing, 0.04916  M; by hand squeezing, 0.05800  •.  Since the  maintenance of  the 
saturated atmosphere is not easy this dilution of 15.3 per cent is to be regarded 
as a  maximum figure.  If this dilution is not subject to much variation it will 
have only a  negligible influence on  the  results which are always comparative. 
That this is the case is shown by the  fact that  the results are reproducible to 
a  satisfactory degree. 
After centrifugalization, 0.5 ce. samples of sap were measured out by means of 
washout pipettes  1° into micro platinum crucibles of 2 ml. capacity.  These were 
taken to dryness on the water bath, dried in the oven, and ignited just below red 
heat, to white ash. 
For potassium we have worked out a microgravimetric method, based on the 
Lindo-Gladtling modification of  the  chloroplatinate method,  n  using the  filter 
stick and micro beaker technique of Emich.  I~ 
The potassium method was tested out on a  synthetic sap having about the 
same composition as the sap of Nitella clavata according to the analyses of Hoag- 
landfl  The found amounts compared with the actual amounts present are as 
follows: 
Actual concentration  Found concentration 
K molar  ___K  molar  _h  .  Per cent h 
0. 04956  0.04946*  -- 0. 0010  --  0.23 
0.04980  +0.0024  +0.49 
Average deviation.  -4-0.36 
* In general the average weight of the chloroplatinate salt was between 5 and 
10 rag.  And inasmuch as with the micro balance it is possible to weigh to 5  7 
with ordinary precautions, the method is clearly capable of yielding results more 
precise than the micro methods based on cobalti-nitrite precipitation which  are 
so widely used. 
l°According to  Pregl,  F.,  Quantitative organic microanalysis, Philadelphia, 
Blakiston, 2nd English edition, 1930, 118. 
11 We are indebted to Prof. Benedetti-Pichler for advice and help in connec- 
tion with the microanalyses. 
12 Emich,  F.,  Lehrbuch  der  Mikrochemie,  Munich, Bergmalm, 2nd edition, 
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Volume  Measurement 
In the case of Valonia which is nearly in osmotic equilibrium  with the sea water, 
the entrance of electrolytes already present is made clear only when the increase 
in volume is determined as well as the electrolyte concentration, since the cell 
takes in water and expands at such a rate as to keep the electrolyte concentration 
nearly constant.  It was therefore necessary to discover whether in these experi- 
ments with Nitella an increase in volume would occur.  A separate investigation 
of this point was therefore undertaken. 
In these experiments a number of groups of cells were treated in various ways 
approximating the experimental conditions later applied, and the volume change 
was  measured.  Since each  cell is  approximately a  cylinder, the  volume was 
measured by determining the average diameter and the length. 
In order to do this the cells of each group were laid out in parallel shallow 
grooves cut in the surface of a layer of paraffin wax cast in a covered Pyrex dish. 
In order to prevent the cells from altering their positions in the grooves they were 
confined lightly by means of glass strips cut from microscope slides laid over the 
grooves but exerting very slight pressure.  Solutions similar to those used subse- 
quently in the experiments were then introduced to the depth of about 1] inches 
over the cells.  In order to reduce changes in the pH due to cell metabolism the 
solutions were changed frequently.  The diameter was measured by bringing a 
microscope over  the  cell  and determining the  diameter, at  several points, by 
means of a  Zeiss travelling ocular micrometer.  The length was determined by 
photographing at the prescribed times, and measuring the length of the cell on 
the plate by means of a  Starrett vernier caliper reading to 0.005 cm.  This pro- 
cedure was used because the ends of the ceils are not parallel plane surfaces, so 
that it was necessary to be sure that the measurements were made between the 
same two points.  This could be done by means of the photographs which could 
be measured all at one time, although taken several days apart.  In the length 
photographs the magnification factor was about 1.75 and in order to reduce all 
measurements to the same terms an unchanging reference of length and diameter 
was  provided.  This consisted of  a  length of  mechanical pencil "lead"  which 
because of its method of manufacture, extrusion under great pressure through a 
die, is very uniform in diameter. 
No volume data will be given since it was found that the ceils did not change 
in volume by more than the experimental error.  Duplicate measurements on a 
single cell indicated that the radius could be determined to about 0.4  per cent 
and the length to about 0.5 per cent.  1~ 
x3 Since the volume of a cylinder is given by the expression V  =  ~ r2l, the error 
of the volume due to the error in the measurement of l would also be +0.5.  The 
error in V due to the error in the measurement of r can be found by solving the 
partial differential 
OV 
dr  =  2  rrr  ldr 
Or 
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The External Solutions 
Except where otherwise stated, the solutions to which the cells were exposed 
were prepared by mixing suitable amounts of potassium chloride, potassium bi- 
carbonate, and calcium chloride solutions with distilled water, and bringing them 
into equilibrium with the C02 of the air by prolonged aeration.  The pH thus 
depended on a C02 bicarbonate system.  Since  the former was fixed the various 
pH's were secured by altering the amount of the latter. 
RESULTS 
Illumination.--In  view of the findings of Hoagland, Hibbard,  and 
Davis  7 that illumination had an important effect on the accumulation 
of the bromide  chloride, and nitrate ions in the case of Nitella davata, 
it  seemed  desirable  to determine if  the  entrance of potassium  into 
Nitellaflexilis is also dependent on light.  In the two experiments per- 
formed, the cells were exposed to external solutions having the follow- 
ing composition; KC1 0.000900 M, KHCO3 0.000100 ~, CaC12 0.000025 
~.  The  initial  pH  was  7.  This  changed  slightly  as  indicated  in 
Table II.  The experiment was performed in a room which at the start 
had a temperature of 17°C.  Owing to the heating effect of the illumi- 
nating system, this rose during the experiment.  These changes are 
also recorded in Table II.  The results are illustrated by Fig.  1. 
It is seen that the increase in the concentration of potassium in the 
dark in 96 hours is 40.7 per cent, and in the light 37.2  per cent.  It 
appears  therefore that  the  rate  of entrance of potassium  does  not 
depend on illumination.  This is perhaps the more surprising in view 
of the fact that in the light the pH rose, indicating considerable photo- 
synthetic activity.  It is perhaps worth while mentioning also that in 
these experiments there was no nitrate ion in the external solution, so 
that  the mechanism of entrance based on nitrate transformation to 
protein discussed in a previous paper cannot apply here. 
The Influence of External pH.--It has been shown that the penetra- 
tion of K + into Valonia macrophysa is markedly affected by the exter- 
nal ptI, in spite of the fact that the cell tends by means of its metab- 
To do this the average values for r = 0.025 cm. and l = 6.0 cm. were used. Whence 
it appears that the error due to r where V = 0.01177 is 0.000094 or nearly +1 per 
cent.  The total error therefore in volume measurement may have been  +1.5 
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olism to nullify artificial changes in the pH of the sea water.  In the 
dark, the cells fail to grow and under these conditions the intake of K 
ceases, and when the pH is lowered to the point where (K~)  (OHm)  > 
(Ko) (OHo) there is a slow replacement of K + inside by Na +. 
TABLE II 
Temperature  pH of external  K 
Time  Illumination  of external  solution  solution  concentration  pH of sap 
0 
0 
24 
24 
48 
48 
96 
96 
Light 
Dark 
Light 
Dark 
Light 
Dark 
Light 
Dark 
°C. 
21.0 
20.7 
20.4 
20.7 
18.9 
19.4 
21.1 
19.5 
6.80 
6.90 
7.45 
7.42 
6.60 
7.20 
6.80 
M 
0.04359 
0.04359 
0.04854 
0.04896 
0.05454 
0.05547 
0.05978 
0.06131 
6.05 
6.05 
6.05 
6.00 
5.80 
5.85 
5.95 
5.85 
aO0 
~ 0.0~ 
o 
0.c  f  I  I 
24  48  72  96 
Hours 
FIG. i. Time curves showing the  penetration  of  potassium into  Nitella,  in the 
light  and in the dark.  The curves are drawn free  hand to give  an approximate 
fit:  this  applies  to  all  the  figures. 
Similar experiments have  been  carried out  with  Nitella  using  the 
technique described earlier in this paper.  In these experiments the pH 
was maintained by means of a bicarbonate-CO, system.  The solutions 
were initially in equilibrium with the CO, and the proportion of bicar- 974  KINETICS  OF  PENETRATION.  XI 
bonate ion added was varied.  The concentration  of CaCI~  was uni- 
formly 0.0005  ~. 
Figs. 2 to 5 illustrate quite clearly that the rate of entrance of potas- 
sium at any external concentration from 0.00010 ~ to 0.0100 ~ does not 
depend  on  the  external  pH  at  least  between  pH's  6  and  8.  It  is 
0.08 
"•  0.07 
~  0.08z 
o 
I  I 
O0  120 
Hou~ 
&00 
x" 
A=pH a0 
o:pH  ~.0 
x = pN 6.0 
I 
180  ~A0 
FIG. 2.  Time curves showing the penetration of potassium into Nitella in the 
dark  at  different external pH values, the  external concentration of  potassium 
being 0.00100 M in all cases. 
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FIG. 3.  Time curves showing the penetration of potassium into Nitella in the 
dark  at  different external pH  values, the  external concentration of potassium 
being 0.0100 ~t in all cases. 
necessary to point out that no conclusions should be drawn from these 
experiments as to the effect of external  concentrations  of K + on the 
rate of entrance of potassium,  since cells from different collections, not 
necessarily reacting exactly alike,  were employed in different experi- 
ments.  But  this  does not apply to  the effects of pH since in  each 
experiment where the pH was varied the cells were from the  same lot. A.  G.  JACQUES AND  W.  J.  V.  OSTERItOUT  975 
External Concentration  of Potassium.--In the case of Valonia it has 
been shown that the rate of  gain of potassium moles at the same pH 
increases with increasing concentration of potassium in the sea water. 
0t0 
O/)9 
6  oC  0.07 
U 
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o=pH 7.0 
x = pH 6.0 
0.0~  I  I  I  1 
40  80  120  1O0 
~oup,~ 
FIO. 4.  Time curves showing  the penetration of potassium into Nitella in the 
light  at  different external pH values,  the  external  concentration  of potassium 
being 0.00100 ~ in all cases. 
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FIG. 5.  Time curves showing  the penetration of potassium into Nitdla in the 
light at different  external  pH values,  the  external  concentration  of potassium 
being 0.00010 M in all  cases.  As the experiments were performed in the light, 
photosynthesis may have raised the pH just  outside  the protoplasm to  higher 
values than those here stated. 
Similar  experiments  with  Nitella have  now  been  carried  out.  In 
these experiments the concentration of K + in the external solution was 
varied from 0.0100 M to 0.00010 M without damage to the cells.  Nitella 976  KINETICS  OF  PENETRATION.  XI 
is  less  sensitive  in  this  respect  than  Valonia with  which  it  was  not 
possible  to  reduce  the  potassium  content  of  the  sea  water  by more 
than 1/2 or to increase it by more than 4 times without injury occurring 
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FIG. 6.  Time curves showing  the penetration of potassium into Nitella in the 
light at different external potassium concentrations, the pH being 7.0 in all cases. 
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FIG. 7.  Time curves showing  the penetration of potassium into Nitella in the 
light at different external potassium concentrations, the pH being 7.0 in all cases. 
in a  short time.  At the start of the experiments with Nitella the pH 
was adjusted  to  about  7,  corresponding  to  a  concentration  of about 
0.0001  M bicarbonate ion in a  solution  saturated with  CO,  at  atmos- 
pheric  pressure. A. G. JACQUES  AND  W.  J. v.  OSTERHOUT  977 
The results of the experiments are given in Figs. 6 to 9. 
As the figures show, the external concentration of potassium  (be- 
tween 0.01 ~ and 0.001 M) has not much effect on the rate of entrance. 
CLIO 
/,-/,+- 
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FIo. 8. Time curves showing the penetration  of  potassium into  Nitella  in the 
light  at  different  external  potassium  concentrations,  the  pH being  7.0  in  all  cases. 
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FIG. 9.  Time curves showing the penetration of potassium into Nitell~ in the 
light at different external  potassium concentrations,  the pH being 7.0 in all cases. 978  KINETICS  OF  PENETRATION.  XI 
But when the concentration is lowered to 0.0001 •,  the rate decreases 
sharply. 
DISCUSSION 
It has been suggested that the entrance of cations into the vacuole 
of  the large  single  cell  of  Valonia,  may  depend  on  the  gradient 
(Ko)  (OHo)  -  (Ki)  (OHm), where K  and OH are the concentrations of 
the potassium ion and hydroxyl ion respectively, and the subscripts o 
and i refer to the external solution and the cell sap.  However, in the 
case of Nitella it has been shown above that when the external concen- 
tration of potassium is as low as 1 ×  10 -4 molar, and the external OH 
activity is 1  X  10 -8,  K + still enters,  although the internal  concentra- 
tion of potassium is about 10  -1-3 and the internal  OH activity is not 
less than  10  -9, so that the product (K)  (OH) is higher inside. 
This  is  not  surprising  since  the  cell  has  energy at  its disposal. 
Our  problem  is  to  ascertain  how  the  energy  is  applied  to  bring 
about this  result.  In the case of Valonia we have a hint on account 
of the effect of external pH and we may set up the working hypothe- 
sis that  potassium  enters  chiefly as  KOH.  In  Nitella  we  gain  no 
such hint  from the  present  experiments  though  it  is  possible  that 
we may obtain it  when lower concentrations  are  studied. 
There  are,  however,  other  factors  which  may  affect  the  rate  of 
entrance.  It  might  be  suggested  that  the  internal  activity  of  the 
potassium may differ greatly from the concentration found by analysis. 
However, if it is permissible to apply calculations of Zscheile  14 in the 
case of NiteUa clavata, it is clear that the internal ionic strength does 
not differ sufficiently from that of the external solution to account for 
the entrance of potassium.  For example, the value of (Ko)  (OHo) in 
the case just quoted is about 10  -15 so that if OI-I~ =  10  -9, K~ may not 
exceed  1  ×  10-~;  hence  if  the  internal  concentration  is  10  -2.3 the 
activity coefficient of the potassium ion would  have  to be  10 -1.7 to 
make the products equal. 
But if the ionic strength  is inadequate  to account for the low po- 
tassium  activity,  it  might  be argued  that  the potassium  in  the cell 
may  be part  of  a  non-polar  compound.  This  question  has  been 
discussed in  a  previous paper, 15 and  it has been concluded that  the 
14 Zscheile, F. P., Jr., Protoplasma, 1930,  11, 481. 
16 Jacques, A. G., J. Gen. Physiol., 1934-35, 18~ 283. A.  G.  JACQUES  AND  W.  J.  V.  OSTERHOUT  979 
possibility  of  the  existence  of  non-polar  potassium  compounds  in 
nature is extremely remote.  Since the sap after centrifugalization is 
somewhat cloudy there remains also the possibility that the potassium 
may be present as part of an insoluble, but colloidally dispersed com- 
pound.  The arguments in favor of this possibility are,  (a)  the fact 
that potassium salts are known  ~6 which are more soluble in non-polar 
solvents than in water, and that calcium salts of such compounds have 
actually been isolated from the protoplasm of cabbage leaves and other 
plants. 17  (b) the fact that in the slightly gelatinous sap obtained by 
extracting each cell by hand the potassium concentration was found 
to be about 15 per cent greater than in the sap extracted from the same 
cells by crushing and centrifugalization.  The difference may possibly 
be due to dilution, but it might also be argued that from the clarified 
sap, which is not gelatinous, the insoluble colloidal compound has been 
precipitated.  In order to investigate this point further the following 
experiments were carried out. 
Samples of sap were obtained by crushing the cells and after permit- 
ting the debris, such as chloroplasts, to settle out as much as possible, 
the gelatinous sap  was divided into two portions, one of which was 
analyzed for  potassium  at  once  while  the  second  was  ultraflltered 
under 3  atmospheres pressure,  through a  dense collodion filter, and 
then analyzed for potassium.  At the same time the rest of the group 
of cells from which the sap was extracted were transferred from dis- 
tilled water to 0.001 ~ potassium salt solution for 3 days.  At the end 
of this time the sap was extracted and analyzed raw and ultrafiltered. 
The results are given in Table III. 
These results indicate clearly that the sap  does not  contain colloi- 
dally dispersed potassium, and hence we may rule out definitely non- 
polar potassium compounds and insoluble potassium salts. 
It may also be argued that the measured pH of the sap  (which in 
our experiments varied from 5.3 to 6.0) does not represent the true pI-I 
at the interface between the sap and the internal surface of the proto- 
plasm.  However, in the case quoted above, in order to permit the 
entrance of potassium it would be necessary that the internal pH at the 
interface be as low as 3.3.  This could only happen if the cell were 
16 Hundeshagen, F., J. prakt.  Chem., 1883, 28, l~.S. 219. 
tr Smith, J. A. B., and Chibnall, A. C., Biochem.  J., London, 1932, 26, 1345. 
Chibnall, A. C., and Channon, N. J., Biochem. J., London, 1929, ~, 176. 980  KINETICS  OF  PENETRATION.  XI 
capable of producing an acid stronger than H2C03  or if a  supersatu- 
rated solution of COs could be produced.  The latter is improbable 
since the protoplasm is highly permeable to COs and hence the super- 
saturation  of  carbonic  acid  would  be  limited by  its  escape  to  the 
external solution.  The former possibility, however, cannot be ruled 
out entirely. 
It now remains to examine the possibilities that other gradients are 
more favorable to the entrance of K.  The question of entrance in 
the  form of nitrates  or  carbonates  has  already been  considered in 
connection with other plants. I~  It was pointed out that entrance as 
nitrate,  while  theoretically possible  in  the case of flowering plants, 
must be rejected in the case of Valonia.  In the case of Nitella  it is 
also very improbable since no nitrate ion was added to the external 
solution. 
TABLE  III 
Comparison of Potassium  Concentrations of Raw and  Ultrafiltered Sap 
Sap of cells before exposure to 0.00I ~  K  solution  Sap of same cells after 3 days' exposure 
Description of sap  Concentration  Description of sap  Concentration 
K  K 
M  x¢ 
Raw  .....................  0. 0334  Raw  .....................  0.0783 
Ultrafiltered  ..............  0.0330  Ultrafiltered  ..............  0.0788 
It is possible, however, that the potassium bicarbonate concentra- 
tion may be sufficient under natural conditions and in the laboratory 
to set up an inward diffusion of potassium bicarbonate.  Thus in our 
experiments the pH was regulated by the concentration of bicarbonate 
ion,  added as potassium bicarbonate, and the concentration of COs, 
which was in equilibrium with the COs of the atmosphere.  In natural 
pond water in most cases also there is some bicarbonate ion present. 
But if potassium bicarbonate enters the cell as such, either the pH 
must increase, and owing to the accumulation of bicarbonate ion the 
entrance must cease, or else the cell must have methods of disposing 
of the ion, such as (a) by displacement by a stronger acid anion, or (b) 
by using the COs in the elaboration of organic compounds, and thus 
leaving the KOH free to react with another acid, either produced in 
the cell or brought from the external solution (for example HC1). A.  G.  JACQUES  AND  W.  J.  v.  OSTE1L1J~OUT  981 
In our experiments it was found that while the pH as measured by 
the glass electrode varied between 5.3 and 6.0 it did not rise appre- 
ciably during penetration, at least not in the whole volume of the sap. 
Any bicarbonate ion therefore which penetrated the sap must have 
been disposed of in some way.  It does not seem possible that it could 
have been used by the cell to build organic compounds, for  such a 
process would presumably require light especially in the formation of 
carbohydrates.  But as it has been shown above, the rate of penetra- 
tion was unaffected by the illumination.  It seems entirely possible, 
however, that the cell may dispose  of bicarbonate ion by means of a 
stronger acid.  But for accumulation to occur it  would be necessary 
that the protoplasm should not be very permeable to the  potassium 
salt formed, since otherwise it would escape too rapidly. 
If the entrance of potassium bicarbonate depends simply on diffusion 
through the protoplasm, the rate should be proportional to the external 
bicarbonate concentration.  But  as a  matter of fact, in our experi- 
ments on  the  pH  effect the  bicarbonate  concentration varied from 
about  0.00001  M to  0.001  M without  affecting  the  rate.  However, 
there remains the possibility that the rate of entrance of KHCO3 may 
depend on the rate at which the HCO3 ion is being disposed of inside. 
As far as we can see at present the only gradient which may possibly 
favor  the  inward  flow  of  potassium  is  the  potassium  bicarbonate 
gradient.  Failing  this  we may assume that  in  some way,  not yet 
known, the "effective" internal product  is  (K)  (OH)  is less than the 
product calculated from the hydrogen ion activity and the potassium 
concentration. 
In studies of the penetration of cations in NiteUa clavata, Hoagland 
and Davis  19 found that in several cases the cells were able to remove 
chloride ion  so  completely from the  external  solution  that  no  test 
could be obtained by means of silver nitrate, so if the penetration takes 
place  by  simple  diffusion  of  chloride  ion,  the  "effective" internal 
concentration  must  be  practically  zero.  If  the  chloride  enters  as 
18 Osterhout, W. J. V., Proc. Nat. Acad. Sc., 1935,  9.1, 125. 
19 Hoagland, D. R., and Davis, A. R., J. Gen. Physiol., 1922-23, 5~ 629; 1923- 
24,  6,  47.  Hoagland, D.  R.,  in  Contributions  to marine biology, Stanford Uni- 
versity,  Stanford University  Press,  1930,  131.  Hoagland,  D.  R.,  Davis,  A.  R., 
and Hibbard, P. L., Plant Physiol.,  1928,  3, 473. 982  KINETICS  OF  PENETRATION.  XI 
HC1, as is suggested by the fact that  the absorption of strong acids 
(e.g.  HNO319) takes place more readily from acid solution, the "effec- 
tive" internal  product of HC1 must also be extremely low, since the 
exhaustion of the external solution took place even when the external 
pH was 5.0 to 5.5. 
The question with regard to entrance of potassium is not yet settled 
definitely, but the following preliminary experiment shows that in all 
probability there is an external concentration  of potassium at which 
no potassium goes in.  A  group of cells was divided into  two parts, 
from  one  of which  the  sap  was extracted  (Group  1)  for potassium 
analysis,  and  the other was transferred  from  Solution A  to distilled 
water for 5 days (Group 2).  The sap from a part of this latter group 
was then analyzed for potassium (Group 2, section a),  and the rest of 
the group  was then  transferred  to 0.001  ~  potassium  solution for 3 
days,  after which  the  sap was analyzed  (Group  2,  section  b).  The 
results are given in Table IV. 
Comparing  this  experiment  with  the  results  in  0.0001  ~  in  Figs. 
8 and 9 it seems that there must exist a concentration between 0.0001 M 
and 0,  at which the potassium neither goes in nor comes out.  It is 
necessary, however, to regard this experiment with caution, since the 
results may merely mean that the low potassium content is due to the 
presence of injured cells, in the group kept for 3 days in distilled water. 
Even the subsequent rise in the potassium concentration in the same 
group of cells, after removal to 0.001 ~  K  solution, is not  conclusive, 
although it does suggest that not much injury has occurred, s°  Provi- 
sionally it seems probable that  potassium  can leave uninjured  cells. 
However, it is clear that for some reason, not yet clarified, the passage 
of potassium from the vacuole to the external solution is impeded much 
more than the flow in the opposite direction. 
If we could determine the external activity product at which potas- 
sium  neither  enters  nor  leaves  we might  put  the  effective product 
inside equal to this at this particular external concentration. 18 
It now remains to consider the question of the rate of entrance of 
20 But, of course, it would be possible to obtain  this result if part of the cells 
were severely injured and low in potassium, provided others had escaped injury 
and had taken in enough potassium to mask the dilution due to the injured cells. A.  G.  JACQUES AND  W.  J.  V.  OSTERHOUT  983 
potassium.  In the study of models,  ~1 attention has been drawn to the 
importance of the unstirred layers which exist at  phase  boundaries. 
It has been shown that the rate of transfer of potassium guaiacolate 
(which may be called KG) between two aqueous phases, separated by a 
non-aqueous layer of HG, depends on the concentrations of the salt 
in the aqueous phases and the partition coefficients of the salt between 
the  aqueous  phases  and  the  non-aqueous phase.  These  determine 
the concentration gradient of KG.  The consequences are,  (a)  that if 
the salt which diffuses through the non-aqueous phase has an anion 
derived from a weak acid, such as guaiacol, the rate of entrance will be 
influenced by the external pH, for the pH will determine the product 
(K)  (G);  (b)  that the rate of entrance should increase if the external 
TABLE IV 
Description of sample  Concentration 
K 
Group 1.  Sap from cells  from Solution  A  ......................... 
Group 2 (a). Sap from cells after 3 days in distilled  water  .............. 
(b). Sap from  cells  after  3 days  in distilled  water  and subsequently 
3 days in 0.001 ~ K solution  .......................... 
M 
0.0560 
0.0334 
0.0783 
concentration of K +  is increased; (c) and finally that  if the external 
concentration of the guaiacolate ion is increased the rate of entrance 
of K + is increased. 
The  question  arises  whether  the  penetration  of  potassium  into 
Nitella is in any way related to the penetration in guaiacol models. 
The rate in NiteUa is independent of the pH and of the potassium 
concentration over a wide range.  Moreover in order that there should 
be  an inwardly directed gradient for potassium it is clear that the 
internal partition coefficient must be very low.  ~  However, it seems 
probable that other factors are involved.  In the models, there is a 
large amount of HG, but in Nitella the amount of HX in the outer 
~10sterhout, W. J. V., J. Gen. Physiol., 1932-33, 16, 529. 
~ In the case of the models where the non-aqueous phase is guaiacol, the ex- 
ternal and internal coefficients  cannot differ  so much, but in the case of living cells, 
where there are at least two non-aqueous layers, which may be very different, 
very different partition coefficients  are possible. 984  KINETICS OF  PENETRATION.  XI 
non-aqueous surface is limited as compared  with  K,  so that  the rate 
of entrance will be determined  chiefly by this  limiting  factor.  This 
point has been discussed in the case of ammonia concentration 18 and it 
has been shown that if as a necessary preliminary to penetration a  "re- 
versible" reaction NH,OH +  HX ~  NH,X +  H20 takes place in the 
non-aqueous  surface  layer,  the rate  of penetration  must  necessarily 
increase more and more slowly as the external concentration of NI-I4OH 
dr 
increases, i.e. ~  must decrease (here r is rate of entrance and c is the 
external  concentration)  until  it  practically  becomes independent  of 
the NH4OI-I concentration.  If in the penetration  of potassium  into 
Nitella  a  similar reaction,  KOH +  HX ~  KX  +  H20,  takes place, 
dr 
a  similar diminution in ~  must occur. 
This is entirely in keeping with the result we obtained, that the rate 
of penetration in Nitella is independent of the external concentration 
of  potassium  except  at  the  lowest  concentrations.  However,  the 
failure of the pH effect remains to be explained.  Thus, as Figs. 7 to 9 
dr 
show,  the increase in  ~  appears  when  the product  (K)  (OH) is be- 
tween 10  -1° and 10-n. 53  But from Fig. 5, in which the pH is varied 
while K  remains constant, it appears that even when the product (K) 
(OH) has fallen to 10  -12 the rate was not different than  when it was 
10  -'°.  But  it  must  be  remembered  that  as the  experiments  were 
done  in the  light  photosynthesis  may have  raised the pH just out- 
side  the  protoplasmic  surface  to  a  higher  value  than  that  here 
reported. 
It  may be remarked  that  if potassium  penetrates chiefly as KOH 
its rate  of entrance  will  not  continue to increase  indefinitely  as the 
pH goes up because above a  certain  pH secondary changes will en- 
sue.24  Hence  there  will  be  an  optimum  pH  for  the  entrance  of 
potassium. 
SUMMARY 
The  rate  of  entrance  of  potassium  into  Nitella  flexilis  has  been 
investigated,  and it  has  been  shown  that  (a)  at the concentrations 
53 Assuming that the activity coefficient of KOH is unity. 
24 As, for example, in Nitella when leached with dilute NaOH (cf. Osterhout, 
W. J.  V., and Hill,  S.  E., J.  Gen. Physiol.,  1933-34, 17, 99). A.  G.  JACQUES  AND  W.  J.  V.  OSTERHOUT  985 
studied the rate is independent of the external pH  between 6  and  8 
but it is possible that  at  lower concentrations a dependence may be 
found;  (b) that it  does not  vary much  with  the  external  potassium 
concentration  between 0.01  and 0.001  M, but appears  to  vary  more 
with  the potassium  concentration  below this limit. 
It has also been shown that the rate is independent of the illumina- 
tion,  in  contrast  with  the penetration  of halides into  Nitella clavata 
studied by Hoagland. 
It has been found that potassium leaves the cells in distilled water, 
and since this does not seem to be the result of injury, there is appar- 
ently  a  concentration  between 0  and  0.0001  ~  at  which  potassium 
neither  enters  nor  leaves  the  cell.  In  Valonia increase  of external 
potassium increases the rate of entrance  as shown in the increase in 
moles of potassium in the sap.  In Nitella this is true below an external 
concentration of 0.001 ~.  In Valonia this increase is paralleled by the 
increase in entrance of water so that little or no change in concentration 
occurs, but in NiteUa  no growth occurred during the experiment and 
in consequence the concentration of potassium in the sap increased. 
It has been shown that the potassium content of the raw gelatinous 
sap is no greater than that of its ultrafiltrate,  so that it is not possible 
to assume that any of the potassium is bound up in the cell in colloidal 
compounds. 
It has been pointed out that all the gradients between the sap and 
the  external  solution  are  unfavorable  to  the  entrance  of potassium 
except  the  potassium  bicarbonate  gradient.  However,  on  other 
grounds  entrance  as potassium  bicarbonate  is  not  considered  to  be 
very probable. 
Various modes of entrance are discussed and it has been concluded 
that the subject must be investigated further before a definite answer 
can be given. 